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ABSTRACT Using the spectra of 22,923 high-redshift quasars from the Baryon Oscillation Spec-
trosocpic Survey (BOSS) subset of the Sloan Digital Sky Survey (SDSS), the authors detect evidence
of the primordial baryonic acoustic oscillations (BAOs) in the matter power spectrum. The detec-
tion further endorses the currently accepted Λ-CDM model of cosmology based upon the existence
of dark energy (Λ) and cold dark matter (CDM). Additionally, the use of the continuous wavelet
transform to calculate the power spectrum has many advantages over traditional Fourier methods
and independently corroborates previous detections.
1. INTRODUCTION
The early universe was a largely homogenous
plasma of ionized gas in which light was coupled
to baryonic, or ordinary, matter. However, small
inhomogeneities arose from matter density per-
turbations left over from cosmic inflation: a very
short period of massive expansion immediately
after the Big Bang [1]. Over time the slightly
unequal distribution of matter caused baryons to
collapse into overdense regions of dark matter.
As the density increased, photons coupled to the
baryons exerted radiation pressure, which drove
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the baryonic matter outwards from the pertur-
bation. Gravity again became dominant as the
density decreased and a cosmic tug-of-war ensued
for the first 380,000 years of the universe result-
ing in matter waves known as baryonic acoustic
oscillations (BAOs).
Once the universe cooled to near 3000◦ K, neu-
tral hydrogen atoms formed and light decoupled
from matter in an event known as recombina-
tion. With the absence of photonic pressure,
the baryonic oscillations ceased. This suppres-
sion led to the formation of baryonic structures,
which over time led to the creation of galaxies
[2]. The imprint left by photons during recom-
bination was first detected in the 1960s as the
cosmic microwave background radiation (CMB)
[3]. This has been thoroughly researched, most
recently by the Wilkinson Microwave Anisotropy
Probe (WMAP) [4] and the Planck satellite [5].
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However, it is more difficult to measure the
imprint left on baryonic matter than on photons
because the signal has been diminished by bil-
lions of years of nonlinear structure formation. If
the matter distribution of a large section of the
universe is known, then evidence of BAOs should
be detectable as a characteristic scale of matter
separation that is statistically significant when
compared to a random sample. Historically, this
has been measured by examining the large-scale
structure of matter in astronomical surveys. The
largest data set of this kind comes from the Sloan
Digital Sky Survey (SDSS), an ongoing spectro-
scopic redshift survey that uses a 2.5 m wide-
angle optical telescope at the Apache Point Ob-
servatory in Sunspot, New Mexico. SDSS has
imaged over 500 million objects and recorded the
spectra of more than 1 million objects in the
Northern sky [6]. The Baryon Oscillation Spec-
troscopic Survey (BOSS) is a subset of SDSS
that captures the spectra and spatial distribu-
tion of quasars and luminous red galaxies. One
of its goals is to detect the characteristic scale of
the primeval oscillations [7]. Using spectroscopic
data of 22,923 quasars from BOSS and improving
upon the methodology of Everett et al. in 2014
[8], the authors calculate the matter power spec-
trum using the continuous wavelet transform and
detect features indicating the existence of BAOs
not present in [8].
2. THEORY
BAOs were first theorized by Peebles and Yu
in 1970 as “primeval adiabatic perturbations” left
over from the Big Bang that catalyzed the forma-
tion of galaxies [9]. Evidence of the oscillations
was first detected by Eisenstein et al. in 2005
[10] and has since been corroborated by Martinez
et al. in 2009 [11] and Labatie et al. in 2012
[12]. Research into BAOs has increased greatly
in the past decade as the size of the oscillations
at recombination, called the sound horizon, may
be used as a standard ruler to study the accel-
eration of the universe independent of Type 1a
supernovas [13]. Additionally, the exact size and
features of the oscillations help constrain the cur-
rently accepted concordance model of cosmology
known as the Λ-CDM model, which is based upon
the theorized existence of dark energy (Λ) and
cold dark matter (CDM) [14].
Previous attempts to detect BAOs by Eisen-
stein et al. and others ( [11], [12] ) have used
galaxies as their data sample as they are numer-
ous and easy to detect. However, these galax-
ies were created relatively recently in the cos-
mic timescale making the BAO signature diffi-
cult to detect. Instead of galaxies, this research
uses distant intergalactic clouds of hydrogen that
were present long before most galaxies formed.
These clouds are illuminated by very old and
bright galaxies, called quasars, whose light is ab-
sorbed and scattered by the clouds at specific
wavelengths. The most common of which is at
1216 A˚ and is called the Lyman-alpha line. As
the universe itself expands, the wavelength of
the absorbed light is stretched proportionally to
how far it travels. This distortion is called red-
shift. The effects of redshift are analogous to
the Doppler Effect, in which the frequency of the
siren of an ambulance is shifted as it moves to-
ward or away an observer. Due to redshift, the in-
dividual absorption lines are stretched into a col-
lection of absorption lines known as the Lyman-
alpha forest [15]. If it is assumed that the missing
flux from a quasar spectrum is proportional to
the amount of baryonic matter present, then one
is able to create a map of the matter distribution
in the early universe as a function of redshift.
If the redshifting of the Lyman-alpha lines is
assumed to be entirely cosmological in origin (i.e.
from the expansion of the universe), then it is
ideal to compare the distances of objects by the
difference in their redshifts. Unfortunately, small
peculiar velocities of the hydrogen clouds not as-
sociated with the expansion of space can cause
distortions in redshift space. Specifically, these
random deviations in velocity cause objects with
similar physical distances to have slightly differ-
ent redshifts. This elongates the objects radially
towards the observer and is known as the Fingers-
of-God effect [16].
As this research searches for structure at spe-
cific scales, redshift distortions can lead to detec-
tion of artificial structures which is a large source
of potential error. Instead spectra are often con-
verted from redshift space to comoving physical
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space. To do this, one must assume a cosmol-
ogy which requires many assumptions about the
makeup of the universe such as its curvature and
distribution of energy density. Once in physical
space, the most direct method to detect BAOs
is to use a two-point correlation function which
measures the excess probability of finding objects
separated at a certain distance compared to a
random distribution. However, this is compu-
tationally very expensive to calculate, and it is
more common to calculate the power spectrum
which measures matter density as a function of
scale [17]. If the acoustic oscillations were present
in the early universe, then the amplitude of the
power spectrum will have a small, but distinct,
peak at scales corresponding to the size of the
sound horizon.
While this is traditionally calculated using a
Fourier transform, instead a continuous wavelet
transform was chosen for this research as it has
many advantages over Fourier methods. Firstly,
wavelets contain localized information of the data.
In the context of this research a large Fourier co-
efficient at a given scale would suggest a large
number of objects are separated by that distance,
but a wavelet coefficient would also indicate spe-
cific locations in the spectra where the object sep-
arations at this scale occurred. Localization also
reduces the effect of outliers as only wavelet co-
efficients near the unwanted data point will be
affected, while in a Fourier transform all coef-
ficients would be altered. Wavelets also come in
many different types that can be used to serve dif-
ferent purposes. For example, Haar wavelets are
excellent at detecting discontinuities [18] while
Morlet wavelets are related to human perceptions
of hearing and vision [19]. As a final advantage,
detection of the oscillations using wavelets will
independently verify the results of previous de-
tections that used Fourier methods.
3. METHODS
The data set used in this research was com-
prised of the Lyman-alpha Forest Catalog and
Sample from the ninth data release (DR9) of the
BOSS component of SDSS-III. In this catalog
are the spectra of 54,468 quasars with redshift
z > 2.15, covering an area of 3,275 deg2 in the
Figure 1. The raw spectrum
of quasar 3655-55240-0040, one
of 54,468 spectra included in
the DR9 release of BOSS sub-
set of SDSS. The flux density
subtracted from the mean flux
density of the universe is plot-
ted against redshift z. Each dip
in flux density is assumed to be
the result of scattering by an in-
tergalactic cloud of hydrogen at
the corresponding redshift. The
collection of these dips is known
as the Lyman-alpha forest.
northern sky [20]. These spectra are distributed
unequally across 817 plates where each plate cov-
ers 3.1 deg2 of the sky. A single spectrum from
quasar 3655-55240-0040 is shown in Figure 1 where
the spectral flux density is plotted against the
redshift. The large spike in flux on the right cor-
responds to the quasar and the collection of dips
in the flux density is the Lyman-alpha forest.
The quasars vary in redshift from z = 2.15 to
z = 5.7, which signifies nearly two billion years
of expansion and structure formation. It is diffi-
cult to detect the oscillation signature over such
a large time period. At low redshifts, nonlinear
structure formation begins and diminishes the
BAO imprint on the matter density. While the
imprint should be clearer at high redshifts, there
— 3 —
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are far fewer quasars at redshifts above z = 4.
Thus any statistical analysis at these large red-
shift values will be less reliable as the sample size
is too small. Because of these constraints the
analysis was limited to a narrower ∆z range. To
do this, the mean minimum redshift z¯min and
mean maximum redshift z¯max of all plates was
found and only spectrum flux within this range
was considered. It was found that z¯min = 2.2 and
z¯max = 3.6 which gives a ∆z = 1.4. A histogram
of this redshift data is shown in Figure 2.
All spectra in the catalog have a signal-to-
noise (SNR) ratio of at least 0.5. However, this
means unwanted noise could potentially consti-
tute two-thirds of a spectrum’s data. To improve
the quality of the sample, the analysis was re-
stricted to spectra with SNR > 2. This reduced
the sample size to 22,923 quasars. Once this sam-
ple was chosen the Lyman-alpha forest transmis-
sion field Fi was extracted from quasar spectrum
i using
(1) Fi(z) = fp,i(λ) ·
(
dla,i(λ)
flux(λ) · CMF,i(λ)
)
where fp,i is the flux of spectrum i, dla,i is the
damped Lyman-alpha (DLA) wings correction for
spectrum i, flux is the flux calibration correc-
tions, and CMF,i is the quasar continuum in the
rest frame 1040-1600 A˚ region for spectrum i.
While the main purpose of this equation is to
separate the Lyman-alpha forest from the back-
ground quasar flux (CMF ), it also calibrates each
plate fiber (flux) and accounts for the damping
of photon flux when a photon is incident on the
edge of a pixel (dla) [20].
To avoid the effects of redshift distortion, the
data were converted from redshift space to co-
moving physical space using the relation
R0 dr =
c
H0
[(1− Ω)(1 + z)2 + ΩΛ(2)
+ Ωm(1 + z)
3 + Ωr(1 + z)
4]−1/2 dz
where H0 is Hubble’s constant, c is the speed of
light, z is the redshift, Ω is the total density pa-
rameter, ΩΛ is the density parameter of vacuum
energy (dark energy), Ωm is the density parame-
ter of baryonic and dark matter, Ωr is the density
parameter of relativistic particles, and R0 is the
(a)
(b)
Figure 2. Two histograms
showing the minimum redshift
(A) and maximum redshift (B)
of all 817 plates. It was found
that z¯min = 2.2 and z¯max = 3.6.
Finding a common minimum
and maximum redshift across
all plates restricted the analysis
to a smaller period of structure
formation and to distances
which had the most data.
radial distance from Earth [21]. The most recent
Planck satellite data provided parameter values
ofH0 = 68 km·s−1·Mpc−1, Ω = 1.01, ΩΛ = 0.691,
Ωm = 0.318, and Ωr = 8.24× 10−5 [5] where Mpc
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is a megaparsec which is approximately 3.3 mil-
lion light years. These values are in agreement
with the concordance model of cosmology [14].
To make the analysis computationally feasible,
all of the spectra from a given plate were com-
bined into a single spectrum spanning the entire
∆z range. This is a reasonable approximation
as all quasars of a given plate are within a 3.1
deg2 area. Thus the data sample collapsed from
22,923 single quasar spectra into 817 plate spec-
tra that contain all Lyman-alpha forest absorp-
tions in its corresponding 3.1 deg2 cone in the
sky. These data were binned into 512 bins of size
2.92 Mpc creating a matter density map span-
ning 1,500 Mpc. This bin size was chosen as a
compromise between higher resolution (small bin
size) and fewer empty bins (large bin size).
While combining the spectra of a plate into
one larger spectrum is far more efficient for com-
putational purposes, this often leads to gaps of
no flux data. This is not due to a physical ab-
sence of matter but from an incomplete data set.
To account for this, all plates with over 10% of
bins empty were discarded. However for smaller
gaps of 10 or less empty bins an algorithm was
derived that interpolated the missing data using
a weighted average of data mirrored from both
sides of the gap. The algorithm used is
Fx =
(2b− 2x− 1)F2a−x+1
2(b− a− 1)(3)
+
(2x− 2a− 1)F2b−x−1
2(b− a− 1)
where F is the flux of a given unknown bin x, and
a and b are the positions of the nearest known
bins on the left and right respectively. When
used on simulated data over gaps of 5 to 10 bins
the algorithm averaged slightly under 20% error
and retained the general features of the missing
data. Figure 3 shows the results of the gap-filling
algorithm graphed in blue on one of the simu-
lated flux spectra graphed in green. In total, 76
plates were discarded during gap-filling leaving
741 plate spectra to be analyzed.
The continuous wavelet transform was then
applied to each plate spectrum using a Morlet
wavelet at 32 distinct scales. For each plate, the
Figure 3. This shows the re-
construction of a simulated flux
density sample using the gap-
filler algorithm. The simulated
data plotted in green had 20 bins
emptied and then interpolated
by the gapfiller which is plotted
in blue. While only an approxi-
mation, the interpolated data is
a more accurate reflection of the
missing matter density.
mean wavelet coefficient at each scale was cal-
culated and the power spectrum was found by
taking the square of these averaged coefficients.
Finally, the total matter power spectrum was cal-
culated by averaging each of the 741 individual
plate power spectra weighted by the variance of
the wavelet coefficients at each scale. The MATLAB
computing environment was used for all compu-
tational work in this research[22].
4. RESULTS AND DISCUSSION
The combined power spectrum of all plates
is shown in Figure 4 where the matter density
variance, or the difference between local matter
density and the mean matter density, is graphed
versus scale in units of log10 Mpc
−1. Each error
bar represents the variance of the power spectral
density across all 741 plates.
— 5 —
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The matter power spectrum calculated with
the new methodology has six times the resolu-
tion of the power spectrum calculated in [8] with
the discrete wavelet transform. This is critical,
as the previous power spectrum failed to detect
evidence of BAOs due to low resolution at the
scales of the expected sound horizon. Not only
does this power spectrum have the expected size
and shape from Eisenstein and others who used
Fourier techniques ( [10], [11], [12] ), but a dis-
tinct peak in amplitude is detected near -1.7 log10
Mpc−1, enlarged in the inset, that corresponds to
the sound horizon at 160 Mpc. While the peak
appears to be small, it shows a statistically signif-
icant increase in amplitude that would be absent
in the power spectrum if BAOs were not present
in the early universe. As the acoustic oscillations
are a direct prediction of the Λ-CDM model of
cosmology, this research further corroborates a
universe dominated by dark energy and cold dark
matter.
While the described feature does suggest the
existence of BAOs, its amplitude is likely dimin-
ished by the large ∆z range used as the BAO
imprint undoubtedly changed over the nearly two
billion year period of structure evolution. A bet-
ter method would be to repeat the presented anal-
ysis in much smaller ∆z ranges and track how the
power spectrum evolves with redshift (or equiv-
alently, time) from z = 2.2 to z = 3.6. Another
potential source of error is the combination of
all spectra in a given plate into a single larger
spectrum. This approximation gets progressively
worse at larger redshifts as the data is more sus-
ceptible to redshift distortions. Either the spec-
tral data should be weighted by its distance from
Earth or the analysis needs to be applied to all
individual spectra.
5. CONCLUSION
The authors presented an improved methodol-
ogy for detecting the primordial baryonic acous-
tic oscillations using spectral data from the DR9
BOSS component of the SDSS and the contin-
uous wavelet transform. The appearance of the
BAO peak in the matter power spectrum is fur-
ther confirmation of the Λ-CDM concordance mo-
del of cosmology and encourages further analysis.
Figure 4. The mean matter
power spectrum of all 741 plate
spectra combined, weighted by
the variance of the wavelet co-
efficients of each plate at each
scale. The error bars are equal
to the variance of the power
across all plates at each scale.
The peak enlarged in the inset
at -1.7 log10 Mpc
−1 is consis-
tent with findings by Percival et
al. in 2006 [23] and detects the
sound horizon at 160 Mpc. This
is direct evidence of BAOs and
supports a universe based on the
Λ-CDM model.
In particular, the authors hope to extend this
methodology to track the evolution of cosmologi-
cal parameters over time and calculate the corre-
lation function from the matter power spectrum.
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